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Potassium Ions and the Inhibitory Process 
in the Crayfish Stretch Receptor 
C. EDWARDS  and S. HAGIWARA 
ABSTRACT  The effect of the absence of potassium in the bathing solution on 
the  synaptic inhibitory potentials  of the  crayfish stretch  receptor has  been 
studied. 
The inhibitory potentials were increased in size,  i.e.  became more hyperpo- 
larizing, in the absence of potassium. Since the resting potential of the cell is 
increased in the absence of potassium, the alteration of the inhibitory potentials 
implies that the potassium conductance of the membrane is increased. While 
other ions, e.g. Cl-, may also be involved, it seems that the membrane potential 
during inhibition is mainly dominated by K +. 
An inhibitory impulse can cause either a  repolarization or a  depolarization 
in the stretch receptor cell of the crayfish (13).  The direction of the  change 
is determined by the membrane potential level At one membrane potential, 
called  the inhibitory equilibrium potential  (i.e.p.),  there is  no  appreciable 
change in  the membrane potential  due  to  an  inhibitory impulse;  thus  the 
i.e.p,  is  the membrane potential  at  which the inhibitory synaptic potential 
changes sign. A  similar phenomenon has been found in the crustacean neuro- 
muscular junction (8), in the mammalian spinal cord (5), and in the atrium 
of the dog heart in  the presence of acetylcholine (16).  Fatt  and  Katz  (8) 
suggested that the inhibitory potential is a  shift of the membrane potential 
towards a  level determined by the concentration gradient of K + and/or C1- 
across the membrane. In support of this is the evidence of Coombs, Eccles, and 
Fatt (5) that the inhibitory equilibrium level of spinal motoneurons can be al- 
tered by injecting K +, CI-, Br-, NO~-, and SCN- ions. Trautwein and Dudel 
(16) have shown that the equilibrium potential of the atrium of the dog heart 
in the presence of acetylcholine is dependent on the external K + level. On the 
other hand, Boistel and Fatt (3) find that the action of the inhibitory transmit- 
ter on crustacean muscle seems to be largely an increase in permeability to C1-. 
The  experiments reported  here,  on inhibition  in  the  crayfish stretch re- 
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ceptor in  the presence and  absence of K +,  show that  the inhibitory process 
in this nerve cell involves a  specific permeability change to that ion. 
Methods 
The lateral receptor (slow) of the 8th segment of the freshwater crayfish Procambarus 
darkii  (Girard)  and  Orconectes virilis (Hagen)  was  used.  This  is  very similar  to  the 
stretch receptor organ in Homarus and Palinurus  described anatomically by Alexandro- 
wiez  (1, 2).  The adjacent medial  (fast)  receptor was dissected out also. 
The slow receptor muscle was held in movable forceps permitting easy control of 
the degree of stretch. The receptor muscle and sensory cell body were immersed in a 
large volume of crustacean solution (9) which was covered by paraffin oil. The nerve 
to the fast receptor was drawn up into the paraffin on one stimulating electrode; the 
other stimulating electrode was in the fluid. The inhibitory axon supplying the slow 
receptor cell branches and innervates the nearby fast receptor cell; therefore stimula- 
tion of the inhibitory nerve to the fast receptor cell inhibits the slow nerve cell by 
axon reflex (I 3). The long sensory nerve to the receptor was placed on a  recording 
electrode in  the paraffin layer, and  the other recording electrode was  in  the saline 
bath. The two electrodes were connected to the output of a differential D.c. amplifier 
and recorded potential changes at the paraffin-saline interface, which was  about  I 
ram.  from the cell body and  several  millimeters from the electrode on  the nerve. 
Under these recording conditions, the potential change due to sources at or near the 
cell body will be recorded with nearly the same time course as would be found by a 
microelectrode inserted into the axon at the oil-solution interface. 
To measure the change in membrane potential, the chamber described by Kuffler 
and Edwards (12) was used. This permitted a D.C. measurement of the direction, but 
not the absolute magnitude,  of the potential change. 
Before changing  solution  the  nerves were removed from the  electrodes and  the 
forceps were approximated, so that the nerve and muscle formed a  small blob. The 
solution was drained,  the vessel refilled with  the test solution, and the preparation 
was restored to the usual recording conditions. On placing the preparation directly 
in "K+-free  ''  solution a  prolonged sensory discharge was  initiated.  However, if the 
preparation was first bathed in solution containing one-half of the normal K +,  this 
could frequently be prevented. The experiments were carried out at room tempera- 
ture (19-22°C.). 
RESULTS 
The  processes  of excitation of the  stretch receptor nerve cell have  been  in- 
vestigated  using  intracellular  recording  by  Eyzaguirre  and  Kuffler  (7). 
Stretch of the receptor sets  up in  the dendrites  a  generator potential  which 
spreads to the cell body and axon. Whenever the generator potential reaches 
the  firing  level,  a  conducted  action  potential  is  set  up  which  then  travels 
centrally. After the cell recovers from the rapid action potential its potential C.  EDWARDS AND  S.  HAGIWARA Potassium Ions and Inhibition in  Crayfish  3 t7 
returns  to  a  level  near  to  that  of the  resting  state.  From  this  level  (called 
the  undershoot  level)  the  generator  potential  is  again  set  up  if  stretch  is 
maintained.  These  events in  the  sensory cell were faithfully  recorded  if the 
solution-paraffin meniscus was near to the cell body (Fig.  1 A). If the meniscus 
was  progressively moved  away from  the  cell  body,  the recorded  size  of the 
generator potential decreased, due to electrotonic decrement. 
Under  the  present  recording  conditions  the  firing  level  and  the  under- 
shoot level were fairly constant,  independent  of the degree of stretch,  up  to 
a  frequency of about  20/sec.  (Fig.  1 B).  Therefore  the  equilibrium  level  of 
the inhibitory potential can be measured relative to the firing level and/or the 
undershoot level. Any change relative to them would indicate a change in the 
value of the inhibitory equilibrium potential. 
The effect of potassium-free solutions on  the inhibitory potential is clearly 
seen  in  the  quiescent  receptor  cell.  In  normal  solution,  which  contains  5.3 
mM/liter potassium, a train of inhibitory impulses set up a small repolarization 
toward the inhibitory equilibrium level (Fig.  2 A  and 2 C).  In the absence of 
potassium ions in  the bathing  solution,  the same  train  set up  a  much  larger 
FIGURE l.  Potential  changes recorded  near  cell body during  stretch  of receptor  (in- 
creasing frequency)  and  relaxation  (decreasing frequency). A, spike potentials and  a 
small generator  potential.  B, higher gain;  the spike potentials are  not seen, and  only 
the generator potential is recorded. Note that  the firing level and undershoot level are 
not altered by stretch. Voltage calibration, 0.1  my.; time,  1 second. 
potential  (Fig.  2 B).  Similarly in a  stretched,  discharging  cell, in the absence 
of potassium,  the  train  of inhibitory  impulses  drove  the  potential  below the 
undershoot  level  of the  cell;  in  the  presence  of the  control  concentration  ot 
potassium  the  inhibitory  equilibrium  was  close  to  the  undershoot  level.  In 
other  experiments,  it  has  been  found  that  in  the  absence  of potassium  the 
potential  of the  cell  is  increased,  and  that  along  with  this  increase  the  in- 
hibitory potentials  changed  as just described  (see also reference  12).  The in- 318  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  •  I959 
crease in the absence of potassium is expected from results on other cells (see 
review by Hodgkin (11)). Thus although the resting potential increased in the 
absence of potassium,  the  inhibitory  equilibrium  level  must  have  increased 
still  more;  i.e.,  become more negative,  to account for  the increase in  size  of 
the inhibitory potential. 
The  magnitude  of the  shift  of the  inhibitory  equilibrium  level  under  the 
present recording conditions is not significant because of the unknown amount 
of shunting  present.  The  magnitude  of the shift can  be estimated,  however, 
by comparing  it  to  the  generator  potential,  whose  size  has  been  measured 
FIGURE 2.  Effect of potassium deficiency on  the  inhibitory  potential  in  the  relaxed 
preparation  and during stretch. A, and C, inhibition in normal solution. B, inhibition 
in K+-free solution, showing the increase in the size of the inhibitory potentials in the 
absence of potassium ions. Voltage calibration, 0.1 my. ; time, 0.1 second. 
with  intracellular  electrodes  (7).  If we  assume  that  the  normal  generator 
potential is about  10 mv.,  the shift of the inhibitory equilibrium  level in the 
experiment  shown was about 9  mv.  In four other  experiments  in which  the 
shifts were estimated in this manner,  the values were 5,  9,  9,  and  12 my. 
DISCUSSION 
According  to current  thought  the resting  membrane  potential  is largely  de- 
termined  by the  potassium  ion  distribution  but  partly  by the  chloride  dis- 
tribution  and  only slightly  by sodium  (cf.  reference  11  and  Fig.  3).  In  the 
initial  phase  of  the  action  potential  an  increased  permeability  to  sodium 
ions  brings  the  membrane  potential  close  to  the  equilibrium  potential  for 
sodium across the membrane.  Following this a high conductance to potassium C. EDWARDS AND S. HAGIWARA Potassium Ions  and Inhibition  in  Crayfish  3z9 
ions returns the membrane potential to the resting or undershoot level.  On 
the other hand,  the inhibitory potential is presumably due to an increased 
permeability  to  potassium and/or  chloride  ions.  Since  the  potassium and 
chloride equilibrium levels are near to the resting potential in physiological 
solution, the inhibitory equilibrium level likewise should be near the resting 
level. 
In the complete absence of potassium in the external solution, it is difficult 
to  define  the  potassium  equilibrium  potential.  In  the  solutions  used,  the 
potassium level was not determined, but if we assume that the level of potas- 
sium was ball the maximum of the amount permitted by American Chemical 
Society specifications in the sodium chloride used,  the concentration would 
be just under 10  -5 M/liter. The actual level may have been somewhat higher 
if a  few drops of the complete bathing solution remained in the chamber. 
On withdrawal of potassium the resting potential of the nerve cell of the 
stretch receptor increases, but the absolute value of this increase has not been 
measured. In cells in which the absolute value of this increase is known, it is 
less than predicted on the basis of the resting membrane potential being a 
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F1ouma 3.  Diagram, not to scale, showing the various potential levels of the membrane 
in normal bathing solution and in the absence of potassium. 
potassium equilibrium potential.  The  divergence is  apparently  due  to  the 
dependence of the membrane potential on the chloride and sodium concentra- 
tion gradients.  Consequently, in the absence of potassium the resting mem- 
brane potential is much farther from the potassium equilibrium potential than 
in its presence. Thus the increase in the difference between the resting level 
and the inhibitory equilibrium level in the absence of potassium is consistent 320  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  43  °  I959 
with the assumption that the potential during the inhibitory process is more 
dependent on the potassium distribution than at rest. That is,  even though 
the  chioride  permeability  may  increase  during  inhibition,  the  potassium 
permeability must increase by a  larger factor. Therefore, substitution of an 
inert anion for chloride in the external medium will displace the inhibitory 
equilibrium level by only a relatively small amount and the displacement wiU 
not be easily demonstrable by the experimental approach used here. In the 
preliminary stages of the present work several anions,  when substituted  for 
chloride, were found to shift the inhibitory equilibrium level, and  this was 
interpreted as suggesting that chloride played a role in the inhibitory potential 
(Edwards and Kuffier (6); referred to by Shanes (14)). However, it was later 
found that substitution of these anions hyperpolarized the cell (Kuffier and 
Edwards (12) and unpublished data). If these added anions were merely inert 
substitutes for chloride, there should have been a  depolarization.  In view of 
this finding, as well as the present finding as to the relative dependence of the 
inhibitory potential on potassium,  the anion effects cannot be interpreted as 
indicating a role for chloride in the inhibitory potential. Boistel and Fatt (3) 
have shown that at the crustacean neuromuscular junction, the conductance 
change during inhibitory nerve stimulation involves chloride and not potas- 
sium. The evidence of Coombs et al.  (5) based on injection of various anions 
into spinal motoneurons indicates that chloride is involved in the inhibitory 
process in that cell. 
There  is  considerable  evidence in  the  heart  that  potassium  ions  move 
during inhibition (e.g.  4,  10,  16). There is, however, no evidence concerning 
the role of chloride. 
An  alternate  explanation  for  the potassium  ion  effect on  the inhibitory 
potential would be a  decrease in the permeability to chloride and possibly 
sodium  during  the  inhibitory  process.  However,  it  has  been  shown  that 
inhibition is  accompanied by  an  increased membrane conductance in  the 
stretch receptor cell (13), at the crustacean neuromuscular junction (8), and 
in the frog heart (15,  16). 
The size of the generator potential increased in the absence of potassium, 
which presumably means that the absolute shift in the firing level is less than 
the shift in the resting level. This increase, apparent in Fig.  2, is much less 
than the increase in size of the inhibitory potential. Thus the increase in size 
of the inhibitory potential measured from the undershoot level is not due to 
scaling of the various potential levels. 
We would like  to  thank  Dr.  S.  W.  Kuffter  for  helpful  discussion and  Mr. K. B. Bosler for tech- 
nical  assistance. The work was  supported by  a  research  grant from  the  National  Institutes  of 
Health, United States Public Health Service. C.  EDWARDS AND S.  HAGIWArtA  Potassium Ions and Inhibition in Crayfish  321 
BIBLIOGRAPHY 
1.  ALEXANDROWlCZ,  J.  S.,  Muscle  receptor  organs  in  the  abdomen  of Homarus 
vulgaris and Palinurus  vulgaris,  Quart. 07. Micr.  So.,  1951, 92,163. 
2.  ALEXANDROWlCZ,  J.  S.,  Receptor elements  in  the  thoracic  muscles of Homarus 
vulgaris and Palinurus  vulgaris,  Quart. 07. Micr.  Sc.,  1952, 93,315. 
3.  BolSaXL, J.,  and  FATT, P.,  Membrane  permeability change during  inhibitory 
transmitter action in crustacean muscle, 07. Physiol.,  1958, 144, 176. 
4.  BURG~.N,  A. S. V., and Tm~Roux,  K. G., On the negative inotropic effect in the 
cat's auricle, 07. Physiol.,  1953,  120,449. 
5.  Coo~aBs,  J. S., ECCLES, J.  C., and FATT, P., The specific ionle conductances and 
the  ionic  movements  across  the  motoneuronal  membrane  that  produce  the 
inhibitory post-synaptic potential, 07. Physiol.,  1955,  130, 326. 
6.  EDWARDS, C.,  and  KUFFLER, S.  W.,  Inhibitory mechanisms  of gamma amino- 
butyric acid on an isolated nerve ceil, Fed. Proc.,  1957,  16, 34. 
7.  EYZAOUmRE, C.,  and  KUI~FLF.R, S.  W.,  Processes of excitation in the dendrites 
and in the soma of single isolated sensory nerve cells of the lobster and cray- 
fish, 07. Gen. Physiol.,  1955, 39, 87. 
8.  FATT, P., and KATZ, B., The effect of inhibitory nerve impulses on a crustacean 
muscle fibre, ,7. Physiol.,  1953,  121,374. 
9.  VAN  HARR~VELD, A.,  A  physiological  solution  for  fresh  water  crustaceans, 
Proc. Soc. Exp.  Biol.  and Med.,  1936, 34,428. 
10.  HARRIS,  E. J., and HtrrTER, O. F., The action of aeetylcholine on the movements 
of potassium ions in the sinus venosus of the heart, 07. Physiol.,  1956, 133, 58P. 
11.  HODGKIN,  A. L., The ionic basis of electrical activity in nerve and muscle, Biol. 
Rev.  Cambridge Phil.  Soc.,  1951,  26,339. 
12.  KUFFL~.R, S.  W.,  and  EDWARDS, C.,  Mechanism  of gamma aminobutyric acid 
(GABA) action and its relation  to synaptic inhibition,  07. Neurophysiol.,  1958, 
21,589. 
13.  KUFFI-~R, S. W., and EYZAGUmmS, C.,  Synaptic inhibition in an isolated nerve 
cell, 07. Gen. Physiol.,  1955, 39,155. 
14.  SHANk.S,  A., Electrochemical aspects of physiological and pharmacological action 
in excitable cells. Part i. The resting cell and its alteration by extrinsic factors, 
Pharmacol. Rev.,  1958,  10, 59. 
15.  TRAUTWEIN, W.,  KUFFLER, S.  W.,  and  EDWARDS, C.,  Changes  in  membrane 
characteristics of heart muscle during inhibition, 07. Gen. Physiol.,  1956, 40, 135. 
16.  TRAIrrwmN,  W., and DUDEL, J., Zum Mechanismus der Membranwirkung des 
Acetyleholin an der Herzmuskelfaser,  Arch.  ges.  Physiol.,  1958, 266,  324. 